In this work we study a phenomenological non-gravitational interaction between dark matter and dark energy. The scenario studied in this work extends the usual interaction model proportional to the derivative of the dark component density adding to the coupling a non-linear term of the form Q = ρ /3(α + βρ). This dark sector interaction model could be interpreted as a particular case of a running vacuum model of the type Λ(H) = n0 +n1H 2 +n2H 4 in which the vacuum decays into dark matter. For a flat FRW Universe filled with dark energy, dark matter and decoupled baryonic matter and radiation we calculate the energy density evolution equations of the dark sector and solve them. The different sign combinations of the two parameters of the model show clear qualitative different cosmological scenarios, from basic cosmological insights we discard some of them. The linear scalar perturbation equations of the dark matter were calculated. Using the CAMB code we calculate the CMB and matter power spectra for some values of the parameters α and β and compare it with ΛCDM. The model modify mainly the lower multipoles of the CMB power spectrum remaining almost the same the high ones. The matter power spectrum for low wave numbers is not modified by the interaction but after the maximum it is clearly different. Using observational data from Planck, and various galaxy surveys we obtain the constraints of the parameters, the best fit values obtained are the combinations α = (3.7 ± 7) × 10 −4 , −(1.5 × 10 −5 eV −1 ) 4 β < (0.07eV −1 ) 4 .
Introduction
The Supernovae Type Ia (SNIa) was the first observational evidence that the Universe is in a period of accelerated expansion [1] [2] . This success has been confirmed by other observations such as the Cosmic Microwave Background radiation (CMB) anisotropy spectrum [3] , the Baryon Acoustic Oscillations (BAO) [4] , among others. To explain the accelerated expansion of the Universe within the framework of General Relativity it has been postulated the existence of a unknown component with negative pressure called dark energy. The simplest dark energy model is to assume that it is the (positive) cosmological constant Λ of the Einstein equations. It is the dominant component of the Universe energy density but its particle physics origin is an open problem.
Similarly, observations like galactic rotation curves, gravitational lensing, galaxy clusters, large-scale cosmological structure [6] [7] , and CMB [8] [9] [10] indicate the presence of another mysterious Universe component called dark matter which main features are to be gravitationally attractive and do not absorb or emit electromagnetic radiation. Despite dark matter is also an important component contributing with around the 25% of the energy density of the Universe and there is an ample evidence of its gravitational effects, its nature from particle physics remains unclear.
Summarizing, data show that the Universe is filled with two non-baryonic components (dark energy and matter) which represent the ∼ 95% of the total energy density. The cosmological model considering dark matter as a non-relativistic fluid, the so-called Cold Dark Matter (CDM), and the Λ as the dark energy is commonly knows as ΛCDM model. This model is widely successful, predicting the observable Universe and supported by observations of different type. However, the ΛCDM model has important conundrums like the cosmological constant problem [11] . Basically when is considered the cosmological constant as dark energy, it imply that the observed vacuum energy density in cosmology is around 100 orders of magnitude lower then the calculations done by quantum field theory. Also, if we interpret dark energy (cosmological constant) as a material fluid as the other known components (photons, baryons, neutrinos etc.) it has a constant energy density (ρ DE = Λ/8πG) without dynamics.
To tackle these problems (or part of them) has been proposed many extensions, and alternatives to the ΛCDM model like MOND, brane cosmology, SUGRA cosmology, f (R) gravity among others. One of these alternatives are decaying (or running) vacuum models which expect that Λ (the vacuum) should not be strictly constant but it is a smooth functions of some dynamical cosmological quantity such like the Hubble function H(t) [12] , [13] . The main idea in these class of models is to assume that the vacuum is a dynamical material component that evolves (as the other components) with the time, in order to preserve the condition energymomentum tensor conservation ∇ ν T µν = 0, it is imposed an interaction of the vacuum with the other fluids of the Universe i.e. it does not conserve individually. It were first proposed from phenomenological arguments but later was grounded by the Renormalization Group theory [14] . Their global cosmological consequences have been studied in [15] , their observational viability in [16] , primordial gravitational waves and running vacuum in [17] and lineal scalar perturbations in this context [18] . Other models that propose the dark energy as a dynamical scalar field, as the quintessence model [19] [20] [21] is some cases can be reduced to decaying vacuum.
Another important alternative to these models is the possibility of interaction between the dark sector (dark energy and dark matter) [22] . The existence of an interaction between dark matter and dark energy it is also possible at theorical level when coupled scalar fields are considered [23] [24] [25] [26] [27] . Models with nongravitational interaction between dark matter and dark energy have called attention in the last decade. The nature of both dark energy and matter are still unknown, and in principle, the additional interaction between them is possible. This connection between components changes the background evolution of the dark sector [28] [29] [30] [31] [32] , giving rise to a rich cosmological dynamics compared with non interacting models. On the observational side, the cosmological analysis from Planck data showed that the standard ΛCDM model remains an excellent fit to the CMB data [10] . However the results of the Hubble constant from Planck are in disagreement with the direct measurements of H 0 by the Hubble Space Telescope [33] . There is also some tension in the measurements of σ 8 , the amplitude of the linear power spectrum on the scale of 8 Mpc h −1 [34] . There are some interaction models that could alleviate this tension presented in the ΛCDM model, see [35] , [36] . That is why these phenomenological models could be a viable option in the description of the Universe, compatible with a large host of cosmological data.
In this article, we are going to explore an alternative interaction in the dark sector, which is a non linear interaction in the derivative of the dark energy density. We will study how this interaction affects the background evolution along with its impact on the perturbation equations. We are going to constrain the parameters of the model and the cosmic set of parameters by using the CMB data and Large Scale Structure (LSS) observations. For this purpose, we are going to modify the COSMOMC package [37] . In section 2 we show the main features and equations of the model proposed as well the evolution of the energy density of the dark sector. In section 3 we write the linear scalar perturbation equations and growth factor, considering the dark sector as background. Next in section 4 we make a comparison of the model parameters with observations, and finally in section 5 we discuss our results and conclusions.
Interaction Model
In the Interaction Scenario, a spatially flat (k = 1 or Ω i = 1) isotropic and homogeneous universe described by Friedmann-Robertson-Walker (FRW) spacetime is considered. The Universe is filled with four components: radiation, baryonic matter, and two fluids that interact in the dark sector. The first and the second one are decoupled components. The evolution of the FRW universe is governed by the Friedmann and conservation equations, 3H
where H =ȧ/a is the Hubble expansion rate and a(t) is the scale factor. The equation of state for each species, with energy densities ρ i , and pressures p i , take a barotropic form p i = (γ i − 1)ρ i , and the constants γ i indicate the barotropic index of each component being i = {x, m, b, r} with γ x = 0, γ b = 1 and γ r = 4/3, whereas γ m = 1. Then ρ x plays the role of a decaying vacuum energy or variable Λ, ρ m can be associated with dark matter, ρ b represents a pressureless baryonic matter, and ρ r is a radiation fluid. Due to the interaction in the dark sector the conservation equation (3) cannot be split into two separated components like in equations (2) . In the following it is assumed that there is no interaction between the baryons and the dark sector. Defining the total dark sector energy density as ρ Dark ≡ ρ m + ρ x together with equation (3) allows us to express both dark densities as functions of ρ Dark and ρ Dark
where the prime indicates differentiation with respect to the number of e-folds N = ln(a/a 0 ) and
is the present value of the scale factor. In order to solve for the evolution of the energy density in the dark sector it is necessary to introduce an energy transfer between the two fluids, given by Q. It allows us to split the conservation equation (3) which, following [22, 28, 29] can be written as
These equations imply that there is an exchange rate of energy density of 3Q in terms of the number of e-folds, which for Q positive goes from the dark matter to the dark energy. The exchange rate of energy density in terms of the cosmological time as considered in [38] is Q = 3HQ. From Eqs. (4) and (5), the following source equation [22] for the energy density ρ Dark of the dark sector is obtained
The strength of the interaction should depend upon the variables of the dark fluid components, and its precise expression will determine the evolution of these components. As shown in [38] any dark energy model can be modeled in the background with a suitable choice of the interaction term. This is an example of the dark degeneracy studied in [39] and [40] .
In the present work we use a generalization from the interaction term in Refs. [28] and [29] . As we will see, this model tends to a running vacuum Λ(H) model with even powers of H that could come from the general covariance of the action of QFT in a curved background [41] . The interaction Q between both dark components will be assumed as a non linear interaction given by
where α and β are the coupling constants that measure the strength of the interaction in the dark sector, α being a dimensionless constant while β has dimensions of the inverse of the energy density. In another way, the interaction can be written in terms of the physical time as Q = 3HQ =ρ Dark (α + βρ Dark ). Using this expression for the background interaction it's possible to integrate the conservation equation (6) with the barotropic constants chosen as in the ΛCDM as
This choice in the equation of state of the dark energy fluid means that it has an energy momentum tensor proportional to the metric, given by
As it is shown in [38] , this is the simplest model of dark energy after a cosmological constant, as it doesn't add new degrees of freedom to the dynamics of the model with respect to ΛCDM. In this type of interaction scenario the dark energy can be viewed as a variable cosmological constant (also known in the specialized literature as running or decaying vacuum models), which depends on time at the background level and on time and space on the next orders in perturbation theory.
Replacing the specific form of Q into the source equation (6) and the value γ x = 0, the first integral of the second order differential equation for the total energy density ρ(a) of the dark sector is
where C is an integration constant. Integrating (10) , under the condition 1 > 2βC/(α − 1) 2 , we obtain the energy density of the dark sector as a function of the scale factor a:
where K is an integration constant and we have defined R = 1 − 2βC/(α − 1) 2 . We can write the integration constants C and K in terms of the present densities ρ i0 as
The above expressions are valid for β = 0, while for β = 0 the evolution of the density was obtained in [29] as
with C defined as in (12) . Therefore, the total energy density, or the Friedmann equation (1), is given by
Replacing the Eq. (10) in the second equation of (4), we have that the dark energy density as a function of the energy density of the dark sector,
and the dark matter density in terms of the total dark sector density is
At late times when the dark sector dominates the whole dynamics of the universe the total density can be approximated as ρ T ≈ ρ. Under this consideration the Eq. (16) with the proposed interaction model goes to Λ(H) n 0 + n 1 H 2 + n 2 H 4 , where n 0 , n 1 and n 2 are constants. This particular dependence looks like the one used in decaying vacuum models. It can be shown that under some considerations this limit of the interacting model proposed in this paper boils down into a particular case of a decaying vacuum. To do this we have to consider a decaying vacuum of the form of the limit case of (16) and that only (or mainly) decays into the dominant component, therefore for late times it decays into dark matter [41] , [14] . By this way we found a link between the interaction models with Λ(t) models.
The evolution of the dark fluid density is modified with respect to the dark matter + Λ density in the ΛCDM model in which ρ respectively, we see that the dark fluid density decays slower for α positive and faster for α negative this has an impact on the time of equality between matter and radiation which in turns modifies the position of the matter power spectrum maximum as can be seen in figure 3 . We also generalized this interaction to a perturbation lever. The dot-dashed green line corresponds to α = 0 and β = (23eV −1 ) 4 while the red continuous line corresponds to α = 0 and β = −(23eV −1 ) 4 . The model with positive β tends to a constant value in the past, while the model with negative β has a density divergence in the past. This divergence would spoil nucleosynthesis unless it happened much before a = 10 −10 which means that if β is negative then |β| 5 × 10
This modification is due to the interaction term. In the case in which α = 0 and β = 0 the ΛCDM model is recovered. This fact can be seen in Fig. 1 , where we can see that the main effect of β = 0, corresponding to the red continuous line or the green dash doted line, happens for a particular redshift. In fact, it is easy to show that for β < 0, with small absolute values of α and ρ 0 β, the density diverges for a redshift of approximately
In order to solve this unphysical divergence, we need to make sure that it occurs sufficiently into the past so that it doesn't spoil the big bang nucleosynthesis. In other words z crit z nuc or in terms of β
for β negative. On the other side, for β positive the dark density tends to a constant at high redshift (small scale factor). In the limit for α and βρ 0 small, the density tends to
In order to satisfy the constraints on the matter-radiation equality, this density should be bigger than the radiation density at the equality epoch, in other words, for β positive it is required that
The preliminary constraint (22) will be improved by using CMB + Large Scale Structure (LSS) observations in the section 4. The parameter space of β negative will be left unexplored due to its small range compared to the β positive scale, and the difficulties of treating such a small space using a Markov chain Montecarlo code as we used here. The evolution of the dark energy component of the dark fluid changes with respect to the constant value in ΛCDM. As ρ is negative, we can see from equation (7) that for α and β positive, the interaction is negative, corresponding to an energy density exchange from the dark energy to the dark matter. This scenario will alleviate the problem of the smallness of the dark energy density [42] . As it can be seen from equation (16), in this scenario the dark energy density can start with a value of the same order of magnitude as the other components of the universe and decrease with time at a lower pace than the other components until it becomes the dominant component as it is today.
Perturbation equations
The most general scalar perturbed Friedmann-Robertson-Walker metric is given by [43] 
where φ, B, ψ and E are the gauge-dependent scalar perturbation quantities. The expression (7) for the interaction is valid only at background level. In a more general setting the interaction is a 4-vector which encodes the energy and momentum transfer between two fluids, in this case the dark matter and dark energy. The conservation equation states
Following ref. [44] we can split the interaction in a component along the velocity and another orthogonal to it. In that case
The orthogonal component f encodes the (minus) momentum transfer, or force exerted by the dark energy on the dark matter component and can be different from zero only at the perturbation level. The interaction Q tot = 3HQ + δQ represents the energy transfer and can be split between a background value given by (7) and a linear perturbation. In the linearly perturbed universe, the conservation equations (5) for the components of dark matter and interacting vacuum energy, reduce tȯ
while the momentum conservation becomes
Combining the equations of (27) and the ones of (29) we can writė
We can eliminate two variables choosing the synchronous gauge, φ = B = 0. Besides, the metric potentials left can be simplified to −3ψ+∇ 2 E = h/2, where h is the trace of the spatial part of the metric and characterizes a scalar mode of spatial metric perturbations. Under these conditions the Eq. (31) takes the forṁ
In [45] it is shown that the observations seem to favor a model where f = 0. Making that choice for our model implies, from equation (29) in the synchronous gauge that
This equation is equivalent to the corresponding one for the velocity of the dark matter in ΛCDM. Using an additional gauge freedom for the synchronous gauge, we can choose the initial dark matter velocity to be zero θ m (t i ) = 0 and the above equation will keep the velocity zero for all times as long as the linear approximation remains valid. From eq. (30) it implies that δρ x = 0 and the only perturbation from the dark fluid will be that of the matter density which satisfy the equatioṅ
In order to use the CAMB code [46] to compute the evolution of the linear perturbations we make the change of variable δ = δρ/ρ in Eq. (35), we arrive toδ
where Q = 3HQ = αρ + βρρ.
Growth factor
The field equation in the synchronous gauge is [47] h + 2Hḣ = −8πG(δρ + 3δP ). The CMB temperature power spectrum for different choices of the interaction parameters for comparison we plot also the high l binned multipoles from Planck 2015. The parameters other than the interaction strength are taken from the best fit analysis in Planck's paper [52] . The parameters α and β are taken outside the region of validity obtained in table 1 in order to show more clearly the effects of the interaction. Table 1 : Constrains on the interaction parameters from CMB, MPK and BAO measurements. For the first model β was set to zero and for the second one β was allowed to have only positive values, the stricter bound for negative β comes from considerations of nucleosynthesis.
Comparison with observations
In order to constrain the parameters of the model we use the code COSMOMC [37] to sample a parameter space with the 6 usual free parameters from ΛCDM plus the coupling parameters α and β from our model. We use likelihoods from Planck measurements of the CMB [3] , matter power spectrum measurements from SDSS Luminous Red Galaxies catalog [48] , and WiggleZ Dark Energy Survey [49] , and BAO measurements from 6dFGRS [50] and BOSS [51] . We see in figure 2 that the different parameters have different effects in the CMB and matter power spectra. The parameter α rises both the first and second maximums of the spectrum, while β acts mainly on the second and third maximums. In figure 3 we can see that the effect of β on the matter power spectrum is more significant than on the CMB even for smaller values of the parameter for that reason LSS data will be important to constrain the model.
As a first extension for the model we set β to zero as in [29] and constrained the parameter α together with the usual 6 parameters from ΛCDM, then we left both α and β free. The results are in table 1. We see that the constrains in α are very similar for both cases. From the fact that the density diverges for negative β, we choose it to be positive as a prior. Our analysis in section 2 tells us that, in case of β to be negative, β should be bigger than −5 × 10 −20 eV −4 as in equation (20) . The constrains on the parameters can also be seen in figure  4 . 
Discussions
In this work we have explored a model of the dark sector of the universe in which there is an interaction between the dark matter and the dark energy (7). This interaction contains two terms, the first of them proportional to the rate of change of the total dark fluid and the second, proportional to the product of the time derivative times the density of the dark fluid. As a result, we obtained a modified evolution of the density of the dark fluid given by the explicit expressions (11) -(14) which we plotted in figure 1. We also studied the linear perturbations of the new model in section 3 obtaining their evolution equations, which reduced to equation (35) in the synchronous gauge considering zero momentum transfer. We finally compared the results of our model with measurements of the CMB and matter power spectra obtaining the range of validity of the interaction parameters as summarized in table 1. By introducing the interaction term Q in Eq. (7) we consider the possibility of an energy transfer from the dark matter to the dark energy when it is positive and on the other direction when the parameters are negative. This kind of interacting dark sector models have been of great interest in the last years for its possibility of reducing the tension between the CMB and RSD measurements as in Ref. [53] , also, they can explain the smallness of the dark energy density by considering that some of its initial energy was transferred to the dark matter in the past. Finally there is no observational reason to consider the dark matter and dark energy as two separate components as we know very little about their nature. In the literature there are a series of studies which try to unify both phenomena as the result of a single model [42] , [54] . Indeed, we see through our work, that is much better to consider the dark sector as a single fluid for our analysis in the background, but keeping the freedom of the interaction term to produce non adiabatic perturbations which result in a zero sound speed for the dark matter component which seems to be better suited to reproduce the observations as obtained in [45] .
In particular the interaction terms used in our work have been studied in [29] and [28] , with the advantage that in our case we obtain an explicit expression for the full evolution of the dark fluid density as a function of the scale factor and that we also developed an analysis of the perturbations of the model, which allow us to compare the model with a range of different observations of the CMB and matter power spectrum from Planck data to SDSS. In particular, we obtain that the interaction term is consistent with zero, corresponding to the ΛCDM model, but the mean value corresponds to both α and β positive, as summarized in table 1 (b) Marginalized posterior distribution for the interaction parameters α and β when they are both allowed to vary alongside to the other 6 standard cosmology parameters. The contours represent 68% and 95% confidence. Figure 4 : Marginalized distributions obtained from two COSMOMC runs considering CMB and mater power spectrum data. In both runs we considered the 6 parameters from standard cosmology plus the interaction parameters. For the first one we allowed α to vary while β was set to zero. For the second run we allowed both α and β to vary. We see that the correlation between both parameters is small. to an energy transfer from the dark energy to the dark matter. The question of whether the dark energy is a cosmological constant or some other dynamical component is expected to be settled to a high degree with the new generation of observations in the incoming decade like Euclid [55] and DESI [56] . In this sense, the study of possible modifications to this behavior becomes important today. The building of this theoretic constructs will pay of in the next years when we will be able to test the nature of dark energy. The interactive models seems promising as they are a simple generalization from de ΛCDM model that would be tested in the near future.
